A light spot that is smaller than a half wavelength will subsequently diverge in all directions. In this letter, the authors model a subwavelength ͑0.42͒ super-resolution light beam which propagates over a long distance without any divergence. This can be achieved by placing a multibelt pure-phase-type binary optical element on the lens pupil. The authors also report a useful approach for designing the optical element, based on vector diffraction theory, which can be used in paraxial and nonparaxial focusing and imaging systems.
A light spot that is smaller than a half wavelength will subsequently diverge in all directions. In this letter, the authors model a subwavelength ͑0.42͒ super-resolution light beam which propagates over a long distance without any divergence. This can be achieved by placing a multibelt pure-phase-type binary optical element on the lens pupil. The authors also report a useful approach for designing the optical element, based on vector diffraction theory, which can be used in paraxial and nonparaxial focusing and imaging systems. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2364693͔ Subwavelength beams are widely used in the field of optical data storage, biomedical imaging, and lithography. When a beam is focused to the subwavelength scale, the strong defocusing and spherical aberration will cause it to diverge rapidly away from the focal plane. It has been reported that with the use of the Toraldo di Francia-type mask on the lens pupil, 1-9 the effects of defocusing and spherical aberration are reduced significantly. However, the reduction of the defocusing and the spherical aberration is always obtained at the expense of either optical efficiency or resolution. In 1987, Durnin et al. proposed a nondiffraction beam, which has the characteristics of intensity and spot size invariance along the optical axis. 10 This kind of beam rigorously exists only in infinite free space. Any realization of such beams in an experimental setup will require a finite aperture, which limits the propagation distance of the beams. An approximate realization of the nondiffraction beam can be experimentally realized by placing an extremely narrow annular aperture on the lens pupil, 11, 12 and as a result, the intensity of this beam decreases and the beam size increases gradually away from the focal plane. The axicon lens, invented in 1954, can focus a light beam with a longer depth of focus. However, the axial intensity of the beam generated by the axicon lens increases with the propagation distance and it has difficulty in realizing subwavelength focusing. [13] [14] [15] In this letter, we model a subwavelength and super-resolution nondiffraction beam within a limited region generated with a high numerical aperture ͑NA= 0.85͒ focusing lens. This is achieved by combining Toraldo di Francia's multibelt mask concept with Durnin's nondiffraction beam concept. By using these two concepts, the defocusing and the spherical aberration of the focusing lens are eliminated. The full width at half maximum ͑FWHM͒ of this beam is found to be as small as 0.42, which is comparable to the one that can be generated by a lens with NA of 1.2 in the near field. 16, 17 To obtain a subwavelength nondiffraction beam, a multibelt -phase binary optical element as shown in Fig. 1͑a͒ is used. This binary optical element is made of transparent substrate with annular grooves or annular bumps; the depth of the grooves or bumps is given by / ͑2͑n −1͒͒, where is the light wavelength and n is the refractive index of the substrate. The multibelt -phase binary optical element is placed on the aperture of a focusing lens as shown in Fig. 1͑b͒ . Suppose an aplanatic lens with NA of 0.85 is illuminated with a plane-polarized ͑X-polarized͒ wave and the transmission of the aperture is T͑͒, then the strength of the electric field at an axial point with a distance z from the focal plane is given as 18-21 a͒ Author to whom correspondence should be addressed; electronic mail: wangគhaifeng@dsi.a-star.edu.sg where ␣ = arcsin͑NA͒ and k =2 / . Suppose that the aperture is divided into n belts ͑n =1,2,3, ...͒, the radius for each belt is r i , ͑i =1,2, ... ,n͒, r i−1 Ͻ r i Ͻ r n =1, r 0 = 0, and the corresponding focusing angle is ␣ i = arcsin͑r i NA͒, thus r i = sin͑␣ i ͒ / NA. By making the transmission coefficients within each belt equal, the transmission function T͑͒ can be expressed as a function of the belt order and is given as T͑i͒ = ͑−1͒ i+1 . Thus Eq. ͑1͒ can be further expressed as
where
where j = ͱ −1 and erfi͑x͒ is the imaginary error function. 22 Equation ͑2͒ describes the field on the optical axis generated by the system using the multibelt -phase binary optical element. With this expression and the relation ␣ i = arcsin͑r i NA͒, it is easier to find series of r i to obtain expected axial intensity. A nondiffraction beam can be obtained through optimizing the radius ͑r i ͒ of each belt towards obtaining constant axial intensity, but to scale the size of the nondiffraction beam to subwavelength and smaller than the diffraction limit, the spot size has to be taken into consideration in the optimization process.
The axial intensity ͑as shown in Fig. 2͒ is made constant within an appreciable range by using a seven-belt ͑r 1 = 0.0896, r 2 = 0.2852, r 3 = 0.4869, r 4 = 0.6136, r 5 = 0.6755, r 6 = 0.7688͒ phase element ͓shown in Fig. 1͑a͔͒ .
From curve 2 in Fig. 2 , we can see that the intensity remains a constant value within a certain region and it decreases with a similar gradient as that of the original system ͑curve 1͒ when it is outside this region. The full threedimensional field can be calculated using vector diffraction theory with the transmission T͑i͒ at the aperture. [18] [19] [20] [21] For simplicity, we look at the Y-Z cross section. The X-Z cross section is larger because of the cross-polarization effect. 16, 23 Figures 3͑a͒ and 3͑b͒ show intensity image and phase contour plots of the field on the Y-Z cross section for the original system and a system with seven-belt phase element, respectively. The changes in the curvature of the phase contour plot as shown in Fig. 3͑a͒ indicate that the field changes from a converging spherical wave front to a diverging front within a very short distance. Plane waves exist where the phase contour plot is straight. The phase contour plot as shown in Fig.  3͑b͒ depicts that straight lines are observed within the region where the corresponding axial intensity is constant ͑as shown in Fig. 2 , curve 2͒. The spot size is constant within this region, implying that the diffractive spreading is eliminated and a nondiffraction beam propagates in this region. The same conclusion can be drawn from the intensity images shown in Fig. 3͑b͒ . Outside the region where the axial intensity is constant, the field diverges almost as fast as it does in the original system. Another important feature for the nondiffraction beam is that the central spots are smaller than those generated by the original focusing system. They are also smaller than the free space diffraction limit ͑0.5͒, as shown in Fig. 4 ; curve 1 corresponds to the spot profile of the original system, while curve 2 corresponds to the spot profile of the system with the seven-belt binary element. The FWHM of the beam spot generated by the system with the seven-belt binary element is 0.42, while the FWHM of the beam spot generated by the original system is 0.58. In conclusion, a method to obtain a subwavelength and super-resolution nondiffraction beam within a limited space is proposed and demonstrated numerically. This is achieved by placing a multibelt -phase-type binary element on a lens pupil. The method of our calculations was based on vector diffraction theory, which is suitable to be used in both paraxial and nonparaxial focusing and imaging systems. We anticipate that such beams with small spot sizes and longer depth of focus could be widely used in applications such as data storage, microlithography, biomedical imaging, laser drilling, and machining. 
